Adsorption, bond formation and graphitization of carbon atoms on Ni(111) surface are investigated using full-potential linear muffin-tin orbital method with Ni(111) surface modeled by a bilayer slab. The present calculations show that the adsorption of a single carbon atom onto the Ni surface occurs on fcc and hcp hollow sites and on the on-top site with strong C-Ni bonds. When another carbon atom approaches the adatom, they form stronger C-C bonds to form single-layer graphene. At the same time, C-Ni bonds are weakened and the graphene tends to float on the surface. The stationary properties of the floating graphene are also examined.
Introduction
Nickel is known as an efficient catalyst for carbonaceous molecules. [1] [2] [3] [4] Its catalytic reactivity drastically drops when graphitic overlayer is formed with a sufficient supply of carbon atoms at suitable temperatures. The hexagonal lattice constant of graphene, the monolayer graphite, is almost perfectly epitaxial to that of Ni(111) surface. The observed properties of graphitization on Ni(111) surface are reported 5) by Yudasaka et al.
The formation of graphene on Ni(111) surface is also interesting for its close link with the catalytic growth of single-wall carbon nanotubes 6, 7) (SW-CNT's). A graphene may be thought of as a SW-CNT of infinite diameter. Thus, fundamental studies of elementary processes in adsorption, diffusion and bond formation of carbon atom on the surface of metallic catalyst should provide useful information for the atomic level manipulations and design of carbon-based nanomaterials.
In this paper we report some basic properties of adsorption of carbon atoms onto the Ni(111) surface calculated using the density functional theory (DFT). After giving description for the method of calculation in section 2, section 3 focuses on the adsorption of single carbon atom on the Ni(111) surface. The calculated results and discussion on the C-C bond formation on Ni(111) will be given in section 4.
Method of Calculations

First principles calculations
All the DFT calculations in the present work were carried out using full-potential linear muffin-tin orbital (FP-LMTO) program lmf(v6.14) that employs for LMTO envelope functions the augmented smooth Hankel functions. 8) This new LMTO method requires no empty spheres and ensures accurate and consistent energy and force within a reduced numerical effort. The electronic density was calculated selfconsistently using all electrons from core to valence states.
The exchange-correlation (XC) energy functional was treated by the local density approximation (LDA) with builtin von Barth-Hedin formula 9) with no spin-polarization. Although the generalized gradient approximation for XC functional is considered in general to give more refined descriptions for cohesion of molecules and solids, it is known to give only poor description for the van der Waals interaction, 10) such as that in the interlayer cohesion of graphite. Thus, the LDA is expected to give rather consistent descriptions for different structures of carbon overlayer examined in the present work.
Structure
Ni(111) substrate was modeled by a 2-layer slab of two adjacent (111) atomic planes of fcc, which contains only two nickel atoms in a hexagonal primitive cell of lattice constants of a ¼ 0:248 nm in the basal xy plane (see Fig. 1 ) and c ¼ 0:992 nm along the perpendicular z axis, where a vacuum separation of 0.79 nm is ensured. The muffin-tin radii are chosen to be 0.1236 and 0.0520 nm for Ni and carbon, respectively. The positions of Ni atoms are kept fixed throughout the present work. This treatment of rigid Ni substrate would lead to a deviation from the reality in the situation where a dynamical or static distortion of surface structure must be substantial. However, the rigid Ni substrate in this work may be a reasonable approximation, since the Ni substrate is approximated only by two layers, and therefore we would not like spurious deformations of top-most Ni layer to enter the discussions. We focus here rather on the interaction between carbon atoms and Ni atoms at given structures. Experimentally, deformation of surface structure of Ni substrate on formation of graphene overlayer is reported indiscernible 2) or very small. 4) Triangle ABC in Fig. 1 indicates an irreducible area of the Ni(111) triangular lattice that has 3m point group symmetry. Vertices A and B refer to the hcp and fcc hollow sites, respectively, and vertex C the on-top site. In the two dimensional hexagonal Brillouin zone 6 Â 6 mesh was taken for k-space integration.
Adsorption of Carbon Atom onto Ni(111) BilayerSlab
Interatomic force field
In order to see basic properties of deposition of a carbon atoms on the Ni(111) clean surface, we first surveyed the force field that acts on a carbon atom floating on the surface at altitudes of h ¼ 0:1695 and 0.1943 nm. The forces are calculated at 9 sampling points within the irreducible triangle ABC. We found that forces calculated at h ¼ 0:1943 nm were pointing downwards, almost perpendicularly to the surface, except around the site C where the forces were slightly slanted towards the on-top site (F z ¼ À20:7, À20:8, À18:5 eV/nm on sites A, B, C, respectively). However, when the carbon atom came as close as h ¼ 0:1695 nm to the surface, the forces on and around the site C turned into repulsion and the attractive forces pointing the hollow sites A and B became more pronounced (F z ¼ À24:1, À24:2, þ24:3 eV/nm on sites A, B, C, respectively).
Adsorption of single carbon atom on Ni(111):
C ¼ 1:0 Next, we calculated the adsorption of a single carbon atom on the substrate. Starting at the altitude of 0.20 nm above the surface with arbitrary horizontal positions about the sites A, B and C, the coordinates of the carbon atom are fully relaxed using the conjugate gradient algorithm. Ni atoms are rigidly fixed at any time as mentioned in the previous section.
We have found that a carbon atom is most strongly adsorbed on the hollow sites A and B. Adsorption energies, defined here by the total energies of the relaxed C/Ni(111) structures compared to the total energy of an isolated carbon overlayer and the Ni bi-layer slab, were found to be ÁE ad ðAÞ ¼ À3:430 eV per carbon atom at h A ¼ 0:1187 nm above the site A and ÁE ad ðBÞ ¼ À3:474 eV at h B ¼ 0:1186 nm above the site B.
Interestingly, a carbon atom is found to be stabilized just on top of a Ni atom (site C) at the altitude of h C ¼ 0:1775 nm with a shallower adsorption energy of ÁE ad ðCÞ ¼ À2:584 eV. This adsorption with the minimum coordination number should be attributed to the consequence of angularly dependent covalent bond between carbon and Ni atoms, since pairwise or embedding type potentials in general would fail to explain the result that the lowest coordination number of 1 for carbon being stable. In this connection tight-binding and bond-order analysis will be reported elsewhere.
A very large adsorption energy with short Ni-carbon bond length in these situations of a rather sparse distribution of carbon atoms seems to be consistent with that fact that formation of carbidic adlayer for the case of a low coverage by nearly isolated carbon atoms. It should be noted that by hexagonal periodicity the above situation corresponds to a fictitious deposition of carbon atoms at coverage C ¼ 1:0, where the equivalent carbon atoms are ordered in the same triangular lattice as the Ni(111) atomic plane with an interatomic separation of a ¼ 0:248 nm. This corresponds to the second-neighbor distance in graphene, and the s and p orbitals of a carbon atom are only very weakly overlapping with that of coplanar six neighbors. The adsorption energies presented above should be regarded as upper bounds, since we used a rigid Ni slab and the systems can relax further when the frozen degree of freedom was released.
Bond Formation and Graphitization
Adsorption of carbon atoms on Ni(111) at C ¼ 2:0
We have seen that a carbon atom tends to be adsorbed on the two hollow sites A, B and on-top site C on a clean Ni(111) surface. If another carbon atom is brought into the cell and they are allowed to relax, the carbon atoms will form a single graphitic layer with strong sp 2 covalent bonds. Since the 3m symmetry was observed by electron diffraction measurement of the graphene/Ni(111) system, [2] [3] [4] horizontal positions of carbon atoms must be on any two out of three 3m sites, i.e. A, B and C, in a cell.
First we examined the adiabatic potential energy surface (PES) as a function of altitudes of two carbon atoms on three different combinations of two sites taken from A, B and C. The calculated results are represented by contour plots as shown in Figs. 2(a)-(c) .
The PES for the combination AB is almost symmetric with a valley along h A ¼ h B , where the minimum at ðh A ; h B Þ ¼ ð0:305; 0:305Þ nm was located by performing a full relaxation, with the adsorption energy of E ad ¼ À491 meV per carbon atom. This represents a perfectly flat graphene monolayer formed on the hollow sites of Ni(111) surface, corresponding to ''Rosei'' model. 2) From the results of previous section, a pair of nearly symmetric local minima corresponding to single adsorbate is known to exist at points where ðh A ; h B Þ ¼ ð0:119; 1Þ and ð1; 0:119Þ nm. Describing the steepest descent pathways to the minimum point in the contour plot of Fig. 2(a) , we can speculate that a carbon adatom on every A site will be lifted as a different one comes down on every B site and these two form a flat graphene at 0.3 nm above the Ni surface.
For combinations with on-top site, namely AC and BC, PES's were very similar each other (Figs. (b) and (c) ), but we find slightly asymmetrical contours, so that the valley of PES is rather shifted towards the lower altitude on the on-top site and higher altitude on the hollow sites. Full relaxation of carbon atoms located the minimum at ðh A ; h C Þ ¼ ðh B ; h C Þ ¼ ð0:216; 0:214Þ nm for the both cases of one carbon atom on a hollow site A or B with another on the on-top site C. This is of a good agreement with ''Gamo'' model, 4) in which ðh B ; h C Þ ¼ ð0:211; 0:216Þ nm with an error-bar of AE0:007 nm was concluded from their best-fit to the Low Energy Electron Diffraction experiments. The adsorption energy per carbon atom is calculated to be E ad ¼ À635 meV on sites A and C, which is only 10 meV more stable than that on sites B and C, but is much stable by 97 meV compared with that on the hollow sites A and B, and it is about thirtyfold the interplanar binding energy of graphite (22.8 meV/atom).
11)
Sliding of graphene on Ni(111)
In order to test the stationary property of the graphene overlayer against sliding, we have calculated the total energies with respect to a horizontal translation, along a line through the sites A, C and B (see Fig. 1 ), of a graphene. On this translation, a combination of sites AB moves through CA to BA. The results for two difference constant altitudes, 0.305 and 0.215 nm are plotted in Fig. 3 . We see that if graphene is 
Conclusion
We have investigated the adsorption of carbon atoms and formation of graphene monolayer on Ni(111) surface within the DFT using FP-LMTO method with Ni substrate modeled by a rigid bilayer slab. The present calculations show that the adsorption of a single carbon atom onto the Ni surface occurs on the fcc and hcp hollow sites and also on the on-top site with strong C-Ni bonding. When another carbon atom approaches the adatom, they form stronger C-C bonds and weaken bond with Ni substrate to form single-layer graphene floating on the surface.
Very recently, Bertoni et al. 12 ) have reported precise spinpolarized DFT calculations of atomic and electronic structures of graphene overlayer on Ni(111) 13-layer slab, where the positions of carbon and Ni in the first two layers are allowed to relax only in the [111] direction. The present results are generally consistent with theirs. However, they predict that the energy of graphene/Ni(111) becomes lowest when carbon atoms are located just on top of the Ni atoms (site C) and also on the fcc hollow sites (site B). Although a dominant feature of the interaction between carbon and Ni substrate may be modeled by the present non-magnetic, fixed, 2-layer Ni slab, a further precise analysis would then be desirable on some disagreement such as the energy difference between the locations of graphene (i.e. sites A and C versus B and C) in order to check the importance of the effects of spin polarization as well as the number of Ni layers and surface relaxations.
